We investigated a possible role of the central glucagon-like peptide (GLP-1) receptor system as an essential brain circuit regulating adiposity through effects on nutrient partitioning and lipid metabolism independent from feeding behavior. Both lean and diet-induced obesity mice were used for our experiments. GLP-1 (7-36) amide was infused in the brain for 2 or 7 d. The expression of key enzymes involved in lipid metabolism was measured by real-time PCR or Western blot. To test the hypothesis that the sympathetic nervous system may be responsible for informing adipocytes about changes in CNS GLP-1 tone, we have performed direct recording of sympathetic nerve activity combined with experiments in genetically manipulated mice lacking ␤-adrenergic receptors. Intracerebroventricular infusion of GLP-1 in mice directly and potently decreases lipid storage in white adipose tissue. These effects are independent from nutrient intake. Such CNS control of adipocyte metabolism was found to depend partially on a functional sympathetic nervous system. Furthermore, the effects of CNS GLP-1 on adipocyte metabolism were blunted in diet-induced obese mice. The CNS GLP-1 system decreases fat storage via direct modulation of adipocyte metabolism. This CNS GLP-1 control of adipocyte lipid metabolism appears to be mediated at least in part by the sympathetic nervous system and is independent of parallel changes in food intake and body weight. Importantly, the CNS GLP-1 system loses the capacity to modulate adipocyte metabolism in obese states, suggesting an obesity-induced adipocyte resistance to CNS GLP-1.
Introduction
White adipose tissue (WAT) is key in the regulation of both glucose and lipid homeostasis, and adipocytes contain specific molecules and pathways that can rapidly switch between favoring lipid storage or lipid mobilization. These metabolic pathways confer a gatekeeper role on adipocytes in the regulation of lipid metabolism (Guilherme et al., 2008) . Lipid excess, impaired lipid storage, and lipotoxicity contribute to obesity in part by fatty acids impacting on insulin signaling pathways. Thus, a functionally relevant dissection of molecular mechanisms directly regulating fatty acid deposition and mobilization is of considerable importance for the development of new therapeutics preventing and treating diabetes and obesity.
Glucagon-like peptide (GLP-1) is a gut hormone, neuropeptide and incretin (Baggio and Drucker, 2007) , secreted in response to absorbed nutrients (Schirra et al., 1996) . There is evidence that circulating GLP-1 receptor agonists can activate CNS neurons (Yamamoto et al., 2002) and that GLP-1 may cross the blood-brain barrier (Kastin et al., 2002) . GLP-1 is also synthesized in specific neuron populations in the nucleus of the solitary tract of the hindbrain (Han et al., 1986; Jin et al., 1988) , and GLP-1 receptors are found in many CNS areas known to be involved in the control of energy metabolism (Larsen et al., 1997a,b; Merchenthaler et al., 1999) , including the hypothalamic arcuate and paraventricular nuclei. Consistent with this, GLP-1 has been reported to directly stimulate hypothalamic neuroendocrine neurons including those expressing pro-opiomelanocortin (Larsen et al., 1997b; Ma et al., 2007) . Biologically, GLP-1 exerts a broad range of actions such as stimulating insulin release, reducing glucagon release, and reducing gastric emptying (Willms et al., 1996; Baggio et al., 2004) , and at least some of its actions appear to be mediated through neuroendocrine mechanisms. CNS GLP-1 receptor activa-tion has been linked to the control of food intake (Tang-Christensen et al., 1996; Turton et al., 1996; Pérez-Tilve et al., 2007) , some stress responses (Kinzig et al., 2003) , glucose homeostasis (Sandoval, 2008) , and locomotor activity (Knauf et al., 2008) . However, a potential role of CNS GLP-1 receptor activity in the direct control of lipid deposition or lipid mobilization remains unknown.
Specific circuits in the CNS have recently been found to be directly connected to WAT via the sympathetic nervous system (SNS), thereby providing an avenue for a direct CNS influence on adipocyte metabolism. This pathway may, therefore, provide the explanation as to how central administration of leptin (Buettner et al., 2008) , ghrelin (Theander-Carrillo et al., 2006) , neuropeptide Y (Zarjevski et al., 1994) , and melanocortins (Nogueiras et al., 2007) control adipocyte metabolism. Because GLP-1 analogues are now approved and widely used as a therapeutic adjunct for human metabolic disease, we asked whether CNS GLP-1 action directly modulates peripheral lipid metabolism, and we demonstrate for the first time that CNS GLP-1 potently and rapidly decreases lipid deposition in WAT and liver. The actions on WAT, but not liver, are independent of changes in food intake and are partially modulated through the SNS. Interestingly, direct CNS GLP-1 modulation of peripheral lipid metabolism appears to be blunted in diet-induced obesity.
Materials and Methods
All procedures were approved either by the Institutional Animal Care and Use Committees at the University of Cincinnati and University of Iowa, in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, or the Vétérinaire Fédéral et Cantonal, Geneva, Switzerland.
Experiments. Several experiments were conducted, each of which was designed to answer a specific aspect of the overall hypothesis. At the termination of all of the experiments, the animals were killed by decapitation, trunk blood was collected, and several tissues were removed and stored at Ϫ80°C until further processing for the measurement of hormones, metabolites, and tissue-specific mRNA or protein expression of various enzymes.
In chronic experiments, Exendin 9 -39 (7.5 nmol/d), an antagonist of the GLP-1 receptor, or GLP-1 (7-36) amide (0.75 nmol/d), both provided by Dr. R. Di Marchi (Indiana University, Bloomington, IN), were delivered via intracerebroventricular infusion for 7 d or 48 h to mice. The doses used for Exendin 9 -39 and GLP-1 were adapted from previous reports performed in rats showing that those doses were efficient in the modulation of body weight (Meeran et al., 1999) . These experiments analyzed food intake, energy expenditure, respiratory quotient (RQ), and locomotor activity of chow-fed mice using a novel, custom-made 32-cage calorimetry system (LabMaster multipurpose screening system; TSE Systems).
To determine whether the observed effects could be mediated by GLP-1 leaking from the CNS after intracerebroventricular infusion and impacting peripheral receptors directly, we subcutaneously infused rats with saline or GLP-1 (7-36) amide (0.75 nmol/d) for a 2 d period using minipumps (model 1003D; Alzet Osmotic Pumps; DURECT) (Theander-Carrillo et al., 2006; Nogueiras et al., 2007 Nogueiras et al., , 2008 .
To investigate the role of the sympathetic nervous system in mediating the effect of GLP-1 on adipocyte metabolism, first we tested the effect of intracerebroventricular GLP-1 on sympathetic nerve activity (SNA) subserving WAT. Then, we compared the effect of intracerebroventricular infusion of GLP-1 (0.75 nmol/d, 2 d) between mice deficient for the ␤1, ␤2, and ␤3 adrenergic receptors (ARs) and wild-type (wt) controls.
Animals. For all experiments of intracerebroventricular and peripheral GLP-1 administration, 8-to 10-week-old, male C57BL/6 mice purchased from The Jackson Laboratory were housed in individual cages under conditions of controlled temperature (23°C) and illumination (12 h light/ dark cycle). They were allowed ad libitum access to water and pelleted low-fat laboratory chow, or else a high-fat diet during 6 months (D12451, 45 kcal percentage fat; Research Diets). Food intake and body weight were measured daily during the experimental phase in all experiments.
Eight-week-old wild-type and triple ␤-adrenoreceptor knock-out (TKO) mice were obtained as described previously (Theander-Carrillo et al., 2006; Nogueiras et al., 2007) .
Ϫ/Ϫ mice. Several couples were then established from these homozygous mice at the University of Geneva, and experiments were performed on ␤ 1 ϩ/ϩ ␤ 2 ϩ/ϩ ␤ 3 ϩ/ϩ and ␤ 1 Ϫ/Ϫ ␤ 2 Ϫ/Ϫ ␤ 3 Ϫ/Ϫ mice offspring. Intracerebroventricular infusions. Mice were anesthetized by an intraperitoneal injection of ketamine/xylazine [ketamine 100 mg/kg body weight (BW) plus xylazine 15 mg/kg BW]. Brain infusion cannulae were stereotaxically placed with their tips in the lateral cerebral ventricle using the following coordinates: 0.7 mm posterior to bregma, 1.2 mm lateral to the midsagittal suture, and to a depth of 2.0 mm, with bregma and lambda at the same vertical dimension. The cannula was secured by glue. The location of the cannula was confirmed at the end of the experiment by methylene blue staining. A catheter tube (ALZET Brain Infusion Kit 3; Alzet Osmotic Pumps; DURECT) was connected from the brain infusion cannula to an osmotic minipump flow moderator (model 1003D or 1007D; Alza). A subcutaneous pocket on the dorsal surface was created using blunt dissection, and the osmotic minipump was inserted. The incision was closed with sutures, and mice were kept warm until fully recovered. Mice were then infused with either saline, Exendin 9 -39 (7.5 nmol/d), or GLP-1 (7-36) amide (0.75 nmol/d) for 7 d or 48 h. After surgery, the animals received a single subcutaneous dose of 0.28 mg/kg buprenorphin (Buprenex; Reckitt Benckiser Healthcare). Because GLP-1 caused a marked suppression of food intake, a saline pair-fed group (restricted to the same amount of food each day as consumed by the intracerebroventricular GLP-1-infused mice) was also used.
The pair-feeding regimen consisted in giving one-third of the daily food amount in the morning and the remaining two-thirds just before onset of darkness. Thus, the experiments included three groups of animals: an ad libitum-fed control group infused with intracerebroventricular saline, an intracerebroventricular GLP-1-infused group, and a saline-pair-fed group.
Energy expenditure, locomotor activity, RQ, and lipid utilization. During intracerebroventricular treatment, mice were analyzed for 7 consecutive days for energy expenditure, RQ, and locomotor activity using a custommade 32-cage calorimetry system (LabMaster; TSE Systems). The instrument consists of a combination of highly sensitive feeding and drinking sensors for automated online measurement. The calorimetry system is an open-circuit system that determines O 2 consumption, CO 2 production, and RQ (RQ ϭ Vco 2 /Vo 2 ). A photobeam-based activity-monitoring system detects and records every ambulatory movement including rearing and climbing movements in every cage. Detection of animal location is performed with infrared sensor pairs arranged in strips for horizontal and vertical (rearing) activity. The sensors for detection of movement operate efficiently in both light and dark phases allowing continuous recording. All of the parameters can be measured continuously and simultaneously in up to 32 animals. The mice (7-8 per group) were placed in the calorimetric system cages on day 1 of treatment. After 72 h of adaptation, data were collected over the subsequent 4 d.
Body composition was measured in mice infused intracerebroventricularly with saline or GLP-1 using nuclear magnetic resonance imaging (Whole Body Composition Analyzer; EchoMRI). Measurements were performed before surgery and before killing after 2 or 7 d of treatment.
Quantitative real-time-PCR procedure. Mice were killed by decapitation in the fed state (1 h after morning feeding), and several tissues were dissected, freeze-clamped, and stored at Ϫ80°C for subsequent measurement of mRNA expression of fatty acid synthase (FAS), stearoyl-CoA desaturase 1 (SCD-1), acetyl-CoA carboxylase-␣ (ACC␣), lipoprotein lipase (LPL), carnitine palmitoyltransferase-1-␣ (CPT-1␣), hormonesensitive lipase (HSL), ␤-adrenoreceptors 1, 2, and 3, and hypoxanthine guanine phosphoribosyltransferase (HPRT) by real-time (RT)-qPCR (Bio-Rad). See Table 1 for primer sequences. Total RNA was extracted from frozen tissue samples using TRIzol Reagent (Invitrogen). RNA integrity was assessed by performing a 1% agarose gel electrophoresis in 1ϫ
Tris-borate-EDTA, and its concentration was determined by spectrophotometry. cDNA templates for RT-PCR were synthesized using 2 g of total RNA random hexamers (Microsynth), dNTPs, RNase inhibitor, Rnasin (Catalys; Promega), and Superscript III (Invitrogen). qPCR was performed using SYBR Green I DNA master mixture (Bio-Rad) according to the standard protocol using ϳ70 ng template cDNA. All primers were used at a final concentration of 0.5 M. A standard curve was used to obtain the relative concentration of each experimental gene; and values were normalized to the concentration of HPRT in each sample.
Western blot analysis. WAT total protein lysates were subjected to SDS-PAGE, electrotransferred on a polyvinylidene fluoride membrane and probed with FAS antibody (BD Transduction Laboratories) and ␤-actin (Abcam). For protein detection, we used HRP-conjugated secondary antibodies and chemiluminescence (Amersham Biosciences) Vázquez et al., 2008) . We used six mice per group, and the protein levels were normalized to ␤-actin for each sample.
Recording of SNA. C57BL/6J mice that had received intracerebroventricular cannulas at least 1 week before the study were anesthetized with ketamine (91 mg/kg) and xylaxine (9.1 mg/kg), intraperitoneally. To measure SNA subserving WAT, a nerve fascicle projecting to the left epididymal fat pad was carefully isolated. A bipolar platinum-iridium electrode (Cooner Wire) was suspended under the nerve and secured with silicone gel (Kwik-Cast, WPI). The nerve signal was amplified and filtered as described previously (Rahmouni et al., 2004 (Rahmouni et al., , 2008 . Anesthesia was sustained with the administration of ␣-chloralose (25 mg/kg/h) intravenously. Body temperature was maintained at 37.5°C with the assistance of a lamp and a heating pad.
Baseline SNA was recorded for 10 min followed by intracerebroventricular administration of GLP-1 (0.1 or 0.5 g) or vehicle (2 l of saline). SNA responses to GLP-1 and vehicle were recorded continuously for 240 min. At the end of the study, mice were killed with a lethal dose of ketamine/xylazine. The integrated voltage after death (background noise) was subtracted from the total integrated voltage to calculate real WAT SNA.
Levels of plasma metabolites and hormones. Plasma levels of insulin, leptin, glucagon, and GLP-1 in wt and TKO mice were determined using Mouse Endocrine LINCOplex kit (Linco Research). Blood samples (200 l) were treated with 3 l of aprotinin (Sigma-Fluka) for glucagon and 2 l of dipeptidyl-peptidase 4 (Linco Research) for GLP-1 dosage, before plasma extraction. Triglyceride (TG) levels were determined using a kit from bioMérieux.
Statistics. Results are given as mean Ϯ SEM. Statistical analysis was performed using one-way ANOVA followed by the post hoc Tukey test. A two-tailed p value Ͻ0.05 was considered statistically significant.
Results

CNS GLP-1 reduces adiposity independent of food intake
Chronic intracerebroventricular infusion of GLP-1 (0.75 nmol/d for 7 d) decreased food intake in ad libitum-fed mice compared with intracerebroventricular saline-infused controls, whereas chronic intracerebroventricular infusion of Exendin 9 -39 (7.5 nmol/d for 7 d) did not affect feeding behavior (Fig. 1A) . A second control group of intracerebroventricular saline-infused animals was pair-fed to match the intake of GLP-1-infused mice (saline-pf). Weight gain of intracerebroventricular GLP-1-infused mice was significantly lower than that of controls or saline-pf mice (Fig. 1B) , suggesting that the loss of body weight in GLP-1-infused mice is not entirely explained by the anorexigenic effect of GLP-1. Consistent with those data, central blockade of GLP-1 receptor by Exendin 9 -39 increased the body weight (Fig. 1B) , although Exendin 9 -39-infused mice ate the same amount of food than the control group. The decreased body weight observed after intracerebroventricular GLP-1 infusion was correlated with a net loss of fat mass (Fig. 1C) , which was not observed in the pair-fed control group. The increased body weight observed after intracerebroventricular Exendin 9 -39 infusion, an antagonist for the GLP-1 receptor, was correlated with the gain of fat mass (Fig. 1D ). Neither GLP-1 nor Exendin 9 -39 changed the amount of nonfat mass (Fig. 1E) .
Chronic intracerebroventricular GLP-1 infusion also prevented the expected compensatory decrease of energy expenditure which occurred in saline-pf mice ( Fig. 1 F-H ), a phenomenon which could not be explained by changes in locomotor activity ( Fig. 1 I-K ) . Interestingly, however, continuous CNS GLP-1 infusion did result in a slight decrease of the RQ, particularly during the dark phase ( Fig. 1 L-N ) . These data indirectly suggest that central GLP-1 activation promotes a food intake independent shift of nutrient partitioning toward fat utilization, at the expense of lipid deposition rates.
These findings demonstrated that chronic central infusion of GLP-1 or Exendin 9 -39 modified body weight and fat mass independent of food intake but did not exert any significant change on nonfat mass. Thus, our first data suggested that modulation of CNS GLP-1 receptor plays a relevant role in the regulation of adipocyte metabolism. However, the effects of GLP-1 on body weight were not consistent after 48 h, because CNS GLP-1-treated mice regained body weight at day 3 of infusion ( Fig. 1C) . Therefore, we decreased the time of the treatment. Constant intracerebroventricular GLP-1 infusion for 48 h induced markedly suppressed cumulative food intake (Fig. 2 A) and reduced body weight (saline ad libitum, Ϫ0.11 Ϯ 0.31 g; GLP-1, Ϫ4.14 Ϯ 0.20 g; and saline-pf, Ϫ2.54 Ϯ 0.46 g). Again, the loss of body weight in intracerebroventricular GLP-1-infused mice could not be sufficiently explained by its anorexigenic effects, as the saline-pf mice did not lose as much weight. Both intracerebroventricular GLP-1-infused and saline-pf mice exhibited less fat mass than the saline ad libitum group after treatment (Fig. 2 B) . This was demonstrated by the fact that at the end of the treatment, the amount of CC␣  NM133360  5Ј-GCC TCT TCC TGA CAA ACG AG-3Ј  5Ј-TGA CTG CCG AAA CAT CTC TG-3Ј  239  60  FAS  NM007988  5Ј-TTG CTG GCA CTA CAG AAT GC-3Ј  5Ј-AAC AGC CTC AGA GCG ACA AT-3Ј  192  60  SCD-1  NM009127  5Ј-CTT CAA GGG CAG TTC TGA GG-3Ј  5Ј-CAA TGG TTT TCA TGG CAG TG-3Ј  203  60  LPL  NM008509  5Ј-CAG CTG GGC CTA ACT TTG AG-3Ј  5Ј-AAT CAC ACG GAT GGC TTC TC-3Ј  206  60  CPT-1␣  AF017174  5Ј-GTC GCT TCT TCA AGG TCT GG-3Ј  5Ј-AAG AAA GCA GCA CGT TCG AT-3Ј  232  60  HSL  BC021642 fat mass present in both GLP-1-infused and saline-pf groups was too low to be detected by nuclear magnetic resonance, meaning that the loss of fat mass was higher in these two groups in comparison with the saline ad libitum group, in which the final amount of fat mass could be detected.
CNS GLP-1 levels determine white adipose tissue triglyceride metabolism
The greater decrease in fat mass in mice infused with intracerebroventricular GLP-1 for 48 h, relative to saline ad libitum and saline-pf mice, suggested direct stimulation of neural circuits that elicit TG mobilization from WAT by CNS GLP-1. To test this hypothesis, we first quantified TG lipid content in WAT and liver and observed that the total amount of TG/g in both tissues was decreased in response to chronic intracerebroventricular GLP-1 infusion (Fig.  2C,D) . This phenomenon, however, was independent of food intake only for WAT (Fig. 2C) , whereas in liver, this effect was predominantly associated with GLP-1's anorectic actions as demonstrated by the fact that both GLP-1 and saline-pf groups exhibited the same levels of TG (Fig. 2 D) . To begin to identify the molecular underpinnings responsible for the decreased TG content in WAT, we analyzed the lipid metabolism gene program. Independent of hypophagia, GLP-1 markedly decreased mRNA expression profiles of genes promoting lipogenesis, lipid deposition, and TG storage in adipocytes; i.e., these target genes included FAS, SCD-1, ACC␣, and LPL (Fig.  2E) . However, mRNA expression levels of enzymes promoting lipid mobilization or fat oxidation, including, for example, CPT-1␣, were not significantly modified in mice infused with intracerebroventricular GLP-1 (Fig. 2E ). In addition, sustained intracerebroventricular GLP-1 did not alter WAT mRNA expression of HSL, which, in its phosphorylated form, is considered a surrogate marker for lipid mobilization in WAT (Fig. 2E) . To corroborate our gene expression findings, we quantified protein levels of FAS (Fig. 2F) , which supported the conclusion of decreased lipid depositionpromoting programs in response to chronic intracerebroventricular infusion of GLP-1. Consistent with the observed lower hepatic TG content, intracerebroventricular GLP-1 markedly decreased mRNA levels of genes promoting lipogenesis and TG storage in liver. Interestingly and differing from effects in adipose tissue, that phenomenon seemed to be largely dependent on nutrient intake, as those hepatic gene programs were turned off to a similar extent in CNS saline-infused mice which were pair-fed to mice receiving intracerebroventricular GLP-1 (Fig. 2G) .
No peripheral interference of centrally derived GLP-1 peptide
To rule out the possibility that centrally infused GLP-1 leaks out of the CNS into the circulation and elicits a response by directly acting at peripheral GLP-1 receptors, we administered GLP-1 peripherally (2 d, via subcutaneous minipumps) using the exact same dose as that infused centrally (0.75 nmol/d). There were no effects on food intake (Fig. 3A) , body weight (Fig. 3B) , or lipid metabolism in WAT (Fig. 3C) after peripheral infusion of GLP-1. We, therefore, conclude that the effects observed during intracerebroventricular administration are attributable to CNS GLP-1-R activation.
Impact of sustained intracerebroventricular GLP-1 on adipocyte metabolism is blunted in diet-induced obese mice
To determine whether the effect of intracerebroventricular GLP-1 would be sustained in an obese animal model, we used diet-induced obesity (DIO) C57B6/6J mice (mean of 49.5 g body weight), a well established mouse obesity model. Mice received intracerebroventricular GLP-1 (0.75 nmol/d) or saline for 48 h. Consistent with data obtained in lean mice, DIO mice responded to intracerebroventricular GLP-1 with a decrease in food intake (Fig.  4 A) and a reduction of body weight (saline ad libitum, Ϫ2.35 Ϯ 0.31 g; GLP-1, Ϫ4.91 Ϯ 0.38 g; and saline-pf, Ϫ3.27 Ϯ 0.28 g). Interestingly, the reduction of body weight was not reflected by a respective decrease in fat mass in DIO mice (Fig.  4 B) . Consistent with the lack of changes in adiposity, we failed to detect changes in any of the previously described gene expression program of lipid metabolism in this obesity model (Fig. 4C) . Thus, we conclude that the regulatory impact of CNS GLP-1-R signaling on food intake and body weight is preserved in DIO mice, although these mice become resistant to a direct CNS GLP-1 control over WAT lipid metabolism.
Role of the sympathetic nervous system in the CNS GLP-1 control of lipid metabolism
Adipocytes are connected with hypothalamic areas controlling energy balance via the autonomic nervous system, in particular the SNS. To determine whether CNS GLP-1 activity directly triggers the efferent SNS projections to WAT, we used multifiber recording to test the effect of CNS GLP-1-R activation on SNS nerve subserving WAT. We found that CNS GLP-1-R activation via intracerebroventricular injection of low dose GLP-1 increased SNA recorded from nerve endings in epididymal WAT (Fig. 5A-C) . This effect was dose-dependent and had a relatively slow onset, suggesting that gene expression changes within some brain cells might be involved downstream of GLP-1-R activation and upstream of CNS SNS efferents. The WAT SNS activity started to increase 30 -60 min after the start of intracerebroventricular GLP-1 infusion and reached a maximum at ϳ150 min (Fig. 5 B, C) .
We next tested the physiological relevance of GLP-1 activation of SNA by examining whether CNS GLP-1-R activation would affect WAT lipid metabolism in the absence of SNS signaling. For this purpose, we treated wt and triple (␤1-, ␤2-, and ␤3-) ARdeficient mice (TKO) with intracerebroventricular GLP-1 using the same treatment paradigm (0.75 nmol/d, 48 h). Intracerebroventricular GLP-1 decreased cumulative food intake in wt mice as well as in TKO mice (Fig. 6 A) . Body weight of wt mice was also reduced by intracerebroventricular GLP-1, whereas TKO mice, although not significant, showed a similar profile in the decrease of body weight (Fig. 6 B) . The WAT TG synthesis pathways were markedly downregulated in response to intracerebroventricular GLP-1 in wt mice as reflected by decreased mRNA levels of FAS (Fig. 6C) , SCD-1 (Fig. 6 D) , and ACC␣ (Fig. 6 E) , whereas those effects were not observed in TKO mice (Fig. 6C-E) . These findings indicate an important mediating role for the SNS in the CNS control of lipid metabolism. We also corroborated that protein levels of FAS were correlated with its gene expression, consistent with our previous findings (Fig. 6 F) . Contrary to the specific and direct actions of intracerebroventricular GLP-1 on WAT of wt mice but not TKO mice, we observed that in liver of both wt and TKO mice the expression of lipid synthesis and depositionpromoting enzymes was decreased in response to intracerebroventricular GLP-1 (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Therefore, our results suggest that deficient SNS signaling specifically affects the direct CNS GLP-1-mediated control over adipocyte metabolism.
Finally, we assessed if and to what extent sustained CNS Therefore, we measured mRNA expression of beta1, 2, and 3 adrenergic receptors (␤-1, ␤2, ␤3-AR) in WAT of intracerebroventricular GLP-1-infused lean and obese mice. The gene expression of ␤1-AR was slightly increased (Fig. 7A) , and ␤2-AR mRNA expression levels were markedly stimulated in WAT in response to CNS GLP-1 of lean mice (Fig. 7B) . No changes were observed in ␤3-AR gene expression (Fig. 7C ). Intriguingly and consistent with our main hypothesis, we failed to detect any significant changes in ␤ receptor expression patterns in the WAT of DIO mice receiving intracerebroventricular GLP-1 (Fig. 7E-G) . We next assessed the specific gene expression of the nuclear receptor NOR-1, a specific target of the ␤ adrenergic signal (Pearen et al., 2006) as a potential downstream effector of SNS activity in WAT (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), and measured its levels in WAT of lean and obese mice (Fig. 7) . NOR-1 mRNA expression was increased in WAT of lean mice when compared with saline ad libitum and saline-pf mice in response to continued CNS GLP-1 (Fig. 7D) . On the contrary, NOR-1 gene expression was unmodified in the WAT of DIO mice, consistent with a potentially important functional role of NOR-1 in intracellular metabolic processes (Fig. 7H ) .
Sustained CNS GLP-1 infusion did not change plasma levels of insulin, glucagon or TG (Table 2) . Plasma leptin levels were significantly decreased by CNS GLP-1 treatment in wt mice as expected but did not change in TKO GLP-1-infused mice (Table 2) . Plasma total GLP-1 levels were elevated both in CNS GLP-1-infused wt and TKO mice (Table 2) .
Discussion
We report herein that the CNS GLP-1 system directly controls adipocyte lipid metabolism. Our central finding is that when GLP-1 is administered into the CNS at a slow infusion rate via an osmotic minipump, it potently decreases lipid deposition in adipocytes of lean but not obese mice. These actions seem to be partially modulated through effects on sympathetic outflow, and more specifically by ␤1-and ␤2-AR, thereby efficiently shifting substrate metabolism to reduce energy storage and adiposity. These findings provide a compelling explanation for how fat mass decreases in response to an increase of CNS GLP-1 activity independent of its anorexigenic actions. Central GLP-1 signaling reduces food intake (Turton et al., 1996) as well as mediating aspects of visceral illness (Seeley et al., 2000) and stress (Yamamoto et al., 2002; Kinzig et al., 2003) . More recent reports indicate that GLP-1, acting on its receptors in the brain, is linked to the control of peripheral glucose homeostasis by inhibiting noninsulin-mediated glucose uptake by muscle and increasing insulin secretion from the pancreas (Knauf et al., 2005; Sandoval, 2008) . Hence, one of the functional roles of the CNS GLP-1 system appears to be to modulate activity in peripheral organs that are crucial for the maintenance of energy homeostasis. In view of our present findings in mice, we conclude that another of those peripheral organs is the WAT.
The present experiments have confirmed that activation of the CNS GLP-1 system can decrease food intake and body weight (Tang-Christensen et al., 1996 Meeran et al., 1999; Rodriquez de Fonseca et al., 2000) . The decrease in body weight is consistent with the observed lower amount of fat mass after central GLP-1 infusion. Most importantly, the decreased fat mass in mice receiving chronic intracerebroventricular GLP-1, in comparison with levels in saline ad libitum and saline-pf mice, led us to investigate the molecular pathways mediating CNS GLP-1 actions in WAT. We found that pharmacological stimulation of the CNS GLP-1 system decreased WAT TG content and deposition independent of its anorexigenic actions. However, in contrast to WAT, the effects of CNS GLP-1 on hepatic lipid deposition are dependent on and presumably secondary to reduced nutrient intake. Although GLP-1-R has not been found in WAT (Bullock et al., 1996) , several studies have suggested that GLP-1 can directly act on adipocyte metabolism, although the molecular mechanisms modulating those peripheral actions are unknown (Ruiz-Grande et al., 1992; Mérida et al., 1993; Valverde et al., 1993; Bertin et al., 2001; Villanueva-Peñacarrillo et al., 2001; Sancho et al., 2005 Sancho et al., , 2006 . We have excluded the possibility that increased peripheral GLP-1 levels contributed to the observed effects, because peripheral infusion of the identical amount of GLP-1 failed to trigger any effects. Nonetheless, we did detect a slight increase of plasma total GLP-1 levels after central GLP-1 infusion. The reason for the increase is unclear, but parallel occurrences have been reported. Central infusion of ghrelin elicits increased plasma ghrelin levels (Theander-Carrillo et al., 2006) , and central administration of insulin leads to a transient increase of pancreatic insulin secretion (Woods et al., 1998) . In the case of GLP-1, the present findings cannot be explained by increased peripheral GLP-1 levels, because peripheral infusion of amounts identical to those administered centrally failed to exert any effects. To our knowledge, this is the first report documenting the potential effects of CNS GLP-1 on adipocyte lipid metabolism.
Available data from DIO rodents, which may represent the form of obesity encountered in most obese humans, strongly suggest that central resistance to some hormones regulating food intake contribute to the development of obesity (Howard et al., 2004; Myers et al., 2008) . The most extensively studied hormone in this regard is leptin, whose central anorectic action is reduced in DIO rats (Widdowson et al., 1997) and DIO mice (Lin et al., 2000; Howard et al., 2004; Myers et al., 2008) . It is, therefore, reasonable to hypothesize that other central signaling pathways implicated in energy homeostasis might be defective in obese states. Perhaps consistent with this, a recent report indicates that chronic blockage of brain GLP-1 signaling by Exendin-9 totally prevents hyperinsulinemia and insulin-resistance in DIO mice (Knauf et al., 2008) , suggesting that the central GLP-1 actions on glucose homeostasis are unaltered in obese models. In the present experiments, we evaluated if pharmacological stimulation of CNS GLP-1-R would be also efficient on adipocyte metabolism in DIO mice. Centrally infused GLP-1 in DIO mice elicited suppression of food intake and reduced body weight gain relative to results in saline ad libitum and saline-pf mice. However, the loss of body weight was not correlated with the amount fat mass, which remained unchanged in DIO mice with chronic intracerebroventricular GLP-1. Consistent with the lack of effects of CNS GLP-1 on fat mass, we also failed to detect any significant change in the expression of several key enzymes regulating lipid metabolism in WAT. Therefore, we conclude that obesity is associated with a selective central GLP-1-resistance: the CNS GLP-1 system is efficiently regulating food intake, body weight, and glucose homeostasis (Knauf et al., 2008) , but it has no capacity to exert its actions on adipocyte metabolism.
To dissect the molecular underpinnings responsible for actions of CNS GLP-1 on WAT of lean but not obese mice, we analyzed the role of the SNS. The SNS connects WAT cells via a direct neuronal circuit with homeostatic control areas in the CNS (van Baak, 2001) . We, therefore, tested the hypothesis that the SNS system may be responsible for informing adipocytes about changes in CNS GLP-1 tone. For this purpose, we have performed direct recording of SNA combined with experiments in genetically manipulated mice lacking ␤-adrenergic receptors. Our findings demonstrate that CNS GLP-1 increases SNS activity to epididymal WAT. However, it is important to point out that the increased SNA or even the WAT lipid metabolism changes could theoretically be secondary to endocrine changes in the hypothalamus-pituitary-adrenal axis and/or the hypothalamus-pituitary-thyroid axis. Moreover, we acknowledge that complete disruption of SNS signaling in the TKO mice may create undesired tangential phenotypes that could have interfered with our interpretation of the neuropharmacology studies in this loss-of-function model.
However, we also assessed the expression of specific receptor mediating CNS GLP-1 actions on WAT. We found that intracerebroventricular GLP-1 infusion increases the gene expression of ␤1-AR and especially ␤2-AR in WAT of lean mice but not in DIO mice. The lack of changes of ␤-AR gene expression in the WAT of obese mice is in agreement with previous reports demonstrating a decreased sensitivity of fat cells to adrenergic stimulation in obesity (van Baak, 2001) . Although an additional role of classic hypothalamus-pituitary-endocrine mechanisms cannot be entirely ruled out, our combined set of data on SNA activity, genetically engineered ␤-adrenergic receptor deficient mice, and ␤-ARs gene expression profiles indicate that the SNS plays a functionally important role in the observed CNS GLP-1-WAT cross talk. Finally, it has been reported that NOR-1, a specific target of ␤2-AR, is involved in the regulation of genes controlling fatty acid and glucose oxidation in skeletal muscle (Pearen et al., 2006 (Pearen et al., , 2008 . As NOR-1 has also been identified in adipose tissue, we hypothesized that NOR-1 might be regulated by the increased expression of ␤2-AR in WAT of centrally GLP-1-infused lean mice. Our finding of an increase in NOR-1 expression in WAT of lean but not obese mice supports the hypothesis that NOR-1 is positively regulated by ␤2-AR and plays an important role in fatty acid metabolism not only in muscle but also in WAT.
As summarized in Figure 8 , we have provided a combination of pharmacological and genetic evidence to demonstrate that the CNS GLP-1 system decreases fat storage via direct modulation of adipocyte metabolism. This CNS GLP-1 control of adipocyte lipid metabolism appears to be, at least to a significant extent, mediated by the SNS, particularly ␤2-AR, and is independent of parallel changes in food intake and body weight. Importantly, the CNS GLP-1 system loses the capacity to modulate adipocyte metabolism in obese states, suggesting an obesity-induced adipocyte resistance to CNS GLP-1. Figure 8 . Schematic overview summarizing the pharmacological effects of CNS GLP-1 on fat tissue. Stimulation of CNS GLP-1 increases sympathetic nerve activity in lean mice, leading to a stimulation of ␤2-AR and NOR-1 and thereby decreasing the expression of some key enzymes promoting lipid deposition. The role of the hypothalamus-pituitary-adrenal axis and/or the hypothalamus-pituitary-thyroid axis needs to be elucidated. These metabolic changes in fat tissue represent a synergistic shift in substrate choice and nutrient partitioning, resulting in decreased energy storage. Contrary, in DIO mice, CNS GLP-1 loses its capacity to act on WAT, indicating that obesity induces an adipocyte resistance to CNS GLP-1.
